A predictive method, based on Benson's group additivity technique, is developed for calculating the enthalpy of formation in the solid phase, at 298.15 K, of carbon-hydrogen compounds and carbon-hydrogen-oxygen compounds. A complete database compiles 398 experimental enthalpies of formation. The whole group contribution values, ring strain corrections, and nonnearest neighbor interactions evaluated are listed. Finally a comparison with Cohen's method indicates that this new estimation method leads to higher precision and reliability.
ten difficult to find in the literature trustworthy experimental values of these thermochemical figures for molecules of interest. Indeed, it is clearly hopeless to expect to have tabulated experimental thermochemical data on all polyatomic species or even on restricted subclasses of these.
Therefore, it would be worth obtaining these data from alternative sources. In recent years there has been a considerable effort in developing methods which can result in the most precise estimation. Even though several techniques have emerged, both scientists and engineers agree that one of the best methods is that of group additivity, especially as imagined by Benson and co-workers 1 ͑a method which was originally developed for the gas phase͒. Not only is it an approach easy to apply, but it can usually predict thermochemical data with an uncertainty similar to that obtained by experiments as well.
In the group contribution approach molecules are assumed to be formed by segments chosen from a previously established set. In 1958, Benson and Buss 2 set up a hierarchical system of additivity laws. The simplest or "zeroth-"order law is the additivity of atom properties; its use is limited. The next higher, or first-order, approximation is based on the additivity of bonds, or undifferentiated groups of atoms. Such groups are assumed to share the same contribution, whatever the atom to which they are bonded ͑i.e., all -CH 3 groups are equivalent͒. First-order methods are subject to large errors in heavily branched molecules, and cannot distinguish differences of properties of isomers. In the second-order approximation, the groups are differentiated so that the nature of each next nearest ligand may be taken into account. Benson's groups are thus defined as "a polyvalent atom ͑ligancyՆ 2͒ together with all of its ligands". 1 The additivity schemes are based on the assumption that the local property of a group remains unchanged in a series of homologous compounds. This is true as long as no structural features are introduced into a molecule. In order to take into account such spatial interactions some corrections are required. Benson et al. 1 introduced many corrections such as the gauche interaction, ring strains in nonplanar cyclic molecules, or electronic interactions between substituents through a benzene ring.
The present work is part of a broader program, the aim of which is to predict the enthalpy of formation in the solid state of energetic materials, especially nitrogen-containing compounds. Domalski and Hearing 3 demonstrated the possibility of extending the Benson's technique to the condensed phase at 298.15 K and 101 325 Pa. For that purpose, they introduced changes in the definition of many contributions to nonnearest neighbor interactions. Unfortunately, the Domalski and Hearing technique is not advanced enough to obtain satisfactory predictions. The number of compounds that had been studied seems to be too short to derive enough group additivity values. Indeed this method missed some relevant group contributions, especially for nitrogen-containing groups. Cohen 4 worked on an updated database to revise the second-order group additivity values for predicting the enthalpy of formation in the three phases of molecules containing only carbon, hydrogen, and oxygen. Even though the method of Cohen appears more efficient and more precise, it was never extended to nitrogen-containing compounds. Moreover, some new values of experimental solid phase enthalpies of formation were published since 1996 and it appears that a great majority of them do not fit with the Domalski and Hearing predictions or with the Cohen predictions.
The aim of our work is to develop new sets of contributions of Benson's groups based on updated experimental data, to predict the solid phase enthalpy of formation at 298.15 K and 101 325 Pa, for C-H, C-H-O, C-H-N, and C-H-O-N compounds. This article presents the first part devoted to C-H and C-H-O compounds; the second part, for nitrogen-containing compounds, will be published in another article. A comparison between the results calculated thanks to the present work and the Cohen group additivity values is discussed. The Cohen approach is preferred compared to Domalski and Hearing since the former employed a more thorough and updated database than the latter.
Procedure
First, a database was established in order to compile all of the most reliable values of enthalpy of formation in the solid state of pure organic compounds. The most useful and consistent source of interesting data was published by Pedley et al. 5 Indeed, values stored in this database are derived from experimental thermochemical data. The two other sources used were the NIST Chemistry WebBook 6 and the ICT Database of Thermochemical Values. 7 Both of them were consulted in order to confirm whether a more recent or a more precise value of enthalpy of formation was stored in them in comparison to the Pedley's compilation.
Once the database was set up, each molecule was decomposed into groups. As all of the group contribution values remain unknown, an arbitrary value was assigned to each group. The calculation of group values was computerassisted thanks to the solving capability of a modern spreadsheet. An enthalpy of formation was then computed by means of the group contributions calculated in order to minimize the residual value ͑defined as the experimental value minus the calculated one͒ for each compound considered. Molecules for which a large residual resulted were particularly studied. A ring strain correction or a nonnearest neighbor interaction was sought. If none could have been unearthed, group contributions were recalculated after the exclusion of the compounds for which no solution could have been ascertained.
In order to handle this task as rationally as possible, the process explained earlier was applied to C-H compounds first and then to C-H-O compounds. The main difference between the current approach and the previous ones ͑see Sec. 3.2.1͒ is that group contributions were not derived for the alkanes first and then for the alkenes, alkynes, aromatics, and polycyclics, but the whole group additivity values were evaluated at the same time, regarding C x H y molecules. As for C-H-O compounds, group contributions were initially derived for alcohols and afterward for a whole list of acids,
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A. SALMON AND D. DALMAZZONE esters, and polyfunctional oxygenated compounds. Moreover if a group is generated using less than three C-H compounds, and if this group can be determined with a greater number of C-H-O molecules, the group contribution of interest is then evaluated a second time due to the new set of compounds. So as to minimize the number of ring strain corrections, one is tempted to replace the ring structure of interest by the sum of its different parts. Unfortunately such estimations entail large errors and Cohen 4 evaluated them to 10-15 kJ mol −1 . This can be explained by the fact that, in general, the bond angles and lengths in complex structures are dissimilar from those of the individual ring elements. Therefore each ring strain correction is considered in this work, when it is possible.
Results and Discussion

Results
Tables 1-5 list the group contribution values determined as well as the ring strain corrections and the nonnearest neighbor interactions. Groups containing only carbon and hydrogen atoms are presented first and groups for the C-H-O compounds are second. The first column of each table presents all the defined groups. The second and third columns list the group additivity values for each group in kilocalories per mole and in kilojoules per mole, respectively. The joule is related to the thermochemical calorie through the definition: one thermochemical calorie equals 4.184 00 joules. Finally the fourth column lists the number of compounds studied that were used to evaluate each group contribution. Notice that if group additivity values were generated owing to less than three molecules, they would certainly be more inaccurate than the other group contributions determined. The entries in Tables 1-5 are identified by footnotes at the end of the table of interest.  Tables 6 and 7 compile data obtained for the compounds of the whole list, i.e., even the molecules that were not exploited to determine the group additivity values listed in Tables 1-5 . Indeed some of the compounds studied were not used to evaluate the group contributions owing to large errors which seemed to come from an experimental inconsistency. The whole C x H y molecule database is stored in Table  6 , whereas in Table 7 all the C x H y O z compounds compiled are presented. The first column of both tables lists the molecule names. Their corresponding empirical formulas and their CAS Registry Numbers, if one was found, are presented, respectively, in the second and the third column. The following column lists the enthalpy of formation in the solid phase measured experimentally. The fifth column shows the enthalpy of formation in the solid state ͑calculated thanks to the group contributions determined and compiled in Tables  1-5͒ . After all, the sixth column is devoted to the residual, which means the difference between the experimental and the computed values of enthalpy of formation. The last two columns are the same but are devoted to Cohen's work in order to compare his results with those of the present study.
Examining Tables 8-13 permits the evaluation of the quality of the group values determined in Tables 1-5 . Indeed the magnitude of the difference observed between the literature and calculated enthalpies of formation in the solid phase 
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gives information on the reliability of the method applied. Residuals within ±5 kJ mol −1 are considered to be in excellent or good agreement. Those that are between ±5 and ±10 kJ mol −1 are judged to be quite satisfactory whereas residuals lying between ±10 and ±20 kJ mol −1 seem to be at the limit of acceptability. Regarding differences larger than ±20 kJ mol −1 , they are certainly due to either poor quality literature data or a neglected interaction. Those six tables lead to a comparison between the group contribution method established in this article and the one established by Cohen. 
Discussion
Existing Methods
In 1993 Domalski and Hearing 3 published group additivity values for compounds containing the elements: carbon, hydrogen, oxygen, nitrogen, sulfur, and halogens in the gas, liquid, and solid phases. Thermodynamic properties, including enthalpy of formation in the solid state, are shown for 1512 compounds. Fifty-seven hydrocarbon substances and 140 organic oxygen molecules, in the solid state, appear in the study. This is not exhaustive but the authors consider that this database suffices to demonstrate the applicability of the Benson's technique to the condensed phase.
The method employed by Domalski and Hearing 3 was a systematic procedure which consisted of deriving group additivity values for the n-alkanes first. These contributions were then fixed in order to compute group values present in branched alkanes, alkenes, alkynes, aromatic compounds, and so on. A new treatment ͑in comparison to Benson's approach͒ was developed for dealing with the repulsive interaction of hydrogen atoms on methyl groups attached to tertiary or quaternary carbon atoms. This different approach is described in detail by Domalski and Hearing. 8 In 1996 Cohen 4 published the group additivity values for the prediction of enthalpy of formation of C-H and C-H-O molecules, in the three phases. He worked on 143 hydrocarbon compounds and 438 oxygen compounds for the solid phase. The approach used by the author is much the same as the method of Domalski and Hearing. The main difference is that the database is updated. As the evaluation method is applied step by step, if group additivity values derived from alkanes are substituted, almost all other group contributions therefore have to be reevaluated. Notice that Cohen did not use the new treatment recommended by Domalski and Hearing regarding the gauche isomers. The study appears to be really complete, and the group contribution values published are consequently reliable. That is the reason why a comparison between the present work and Cohen's study is shown hereafter.
Hydrocarbon Compounds
A total of 145 hydrocarbon compounds have been examined. Table 6 compiles them and shows the residuals ob- This correction has to be applied to every alkanedioic acid except to malonic acid and to pentanedioic acid. Besides butanedioic acid requires the opposite of this correction and hexanedioic acid requires one third of the opposite of this correction.
b Correction applied to nonanedioic acid and to decanedioic acid. Undecanedioic acid and dodecanedioic acid require twice this correction, and so on. 
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served. The comparisons reveal that 48% of the residuals are less than ±5 kJ mol −1 , 20% are Ͼ ± 5 kJ mol −1 but Յ ± 10 kJ mol −1 , and 17% are lying between ±10 and ±20 kJ mol −1 . Finally 15% are symptomatic of a problem. Table 8 shows that this work leads to better results than Cohen's. Indeed the more significant figures are 42% of the residuals being Յ ± 5 kJ mol −1 ͑against 48% in this work͒, and 28% of the compounds for which the enthalpy of formation in the solid state is nearly unpredictable ͑versus 15% in the present study͒. Notice that only 144 enthalpies of formation in the solid state were predicted by the method of Cohen due to a lack of group contribution value.
What is more, Table 9 reveals that in every case the mean residuals observed are smaller or equivalent to those obtained with the method of Cohen.
Finally, it should be emphasized that results could be improved whether more experimental data existed on molecules containing groups that are generated by less than three compounds, such as the group C-͑C B ͒ 2 ͑C͒ 2 .
Oxygen Compounds
The examination of 253 C-H-O compounds resulted in the values presented in Tables 10 and 11 . It appears that 44% of the substances studied have an enthalpy of formation in the solid phase which can be predicted with a very good precision; whereas only 33% of the compounds of interest can 
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In all cases the mean residual obtained in this work is less than that obtained in the method of Cohen, except regarding the residuals superior to 20 kJ mol −1 . Notice that as residuals larger than 20 kJ mol −1 are symptomatic of a problem, it makes no real difference whether the mean residual equals to 44 or 49 kJ mol −1 . Finally the same observation as for the C-H compounds could be made regarding group contributions that are determined thanks to less than three molecules. Some supplementary experimental data would be very helpful so that group additivity values could be improved.
Uncertain Points
A part of the uncertainty of predictive methods may be attributed to the lack of reliable experimental data. Examining Tables 1-5 permits the observation that some group contributions have been determined owing to less than three molecules, especially the C-H ring strain corrections ͑see Table 2͒ . These groups would obviously need more experimental data in order to confirm the group additivity values computed. Besides, some compounds have large discrepancies among the reported experimental values of enthalpy of formation. These molecules would therefore need to be restudied so as to validate either one source or the other. The naphthacene compound can be cited as an example. Indeed Cox and Pilcher 9 published a value of enthalpy of formation in the solid phase equal to 158.8 kJ mol −1 whereas Nagano 10 reported the value of 206.9 kJ mol −1 . Moreover, a great deal of compounds studied has their enthalpy of formation in the solid state which has been published only once. It should be very interesting to reanalyze these molecules in order to double check whether the data used are exact or not.
For some compounds, the prediction error obtained using both Cohen's method and our method are very close. If new experimental determinations were considered, it would be interesting to set the focus on these particular compounds. Several examples can be cited: 5,8-dimethylbenzo͓c͔phenanthrene, 3,9-dimethylbenz͓a͔anthracene, ͑E͒-13-docosenoic acid, cis-cyclohexane-1,2-dicarboxylic acid, trans-cyclohexane-1,2-dicarboxylic acid, and tetraethylsuccinic acid ͑cf. Tables 6 and 7͒ .
It should also be noticed that enthalpies of formation in the solid phase are not well predicted for a lot of polycyclic aromatic hydrocarbons, either with the method developed in this paper or with Cohen's one. Typical examples are: 1,12-dimethylbenzo͓c͔phenanthrene, 9,10-dimethyl-1,2-benzanthracene, and 5,6-dimethylchrysene ͑cf. Table 6͒ . Some additional corrections should be considered to take into account such particular structures. Prior to any modification, it would be necessary to restudy these molecules to make sure experimental data are right.
Notice finally that molecules for which the highest prediction errors were observed were pointed up and eliminated from the database which served to determine the group contribution values. Table 12 confirms that this study provides better results than the method developed by Cohen. Indeed the percentage of residuals lying between 0 and 5 kJ mol −1 and between 5 and 10 kJ mol −1 are superior in this work or are equal to those obtained thanks to Cohen's study ͑46% vs 36%, and 20% vs 20%͒. Additionally, less compounds have a residual between 10 and 20 kJ mol −1 or superior to 20 kJ mol −1 in applying the present method than with Cohen's. Moreover a lack of group additivity values in the technique developed by Cohen entails the comparison of the efficiency of the two methods for only 392 molecules ͑vs 398 molecules listed͒. Indeed two C-H group contributions and two C-H-O group contributions are missing: C d -͑C͒ 2 , C t -͑H͒, C-͑O͒͑C B ͒ 2 ͑C͒, and CO-͑C͒͑H͒. 
Summary and Conclusions
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Finally, in each case the mean residuals obtained in this work are smaller than those found with the method of Cohen, as showed in Table 13 .
To conclude, Table 14 summarizes the best results obtained with both techniques. Compounds for which the residual is superior to 20 kJ mol −1 are excluded in this outline. Table 14 reveals the superiority of the method developed in this work compared to the method of Cohen. Indeed, the mean residual found for 83% of the compounds listed is smaller than that obtained with Cohen's method.
The group contributions evaluated in this article then result in a more precise and more reliable technique predicting the enthalpy of formation in the solid phase, at 298.15 K, of C-H and C-H-O molecules than any previous method.
This compilation allows the extension of the determination of group additivity values to compounds containing more elements, especially organic nitrogen substances. This work is in progress and will be reported in another article.
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